Introduction
============

Cancer progression involves multiple pathways and steps leading to cell growth and proliferation. New therapeutic strategies targeting cell growth and proliferation include several AKT inhibitors, even though little knowledge of their effects in different cell-types or on the genome exists ([@b1-ijo-50-01-0005]). In order to predict their effects, as well as possible side-effects, it is important to understand how AKT, particularly the different AKT isoforms, take part in the different cellular pathways.

AKT is the central protein of a major cell signaling system involved in cell survival, metastasis, drug resistance, metabolism and radiation resistance ([@b2-ijo-50-01-0005]). While inhibition of AKT can result in inhibition of important pathways for cell-survival, it may also lead to stimulation of other downstream proteins such as receptor tyrosine kinases (e.g. HER3, IGF-1R and insulin receptor), enabling the cancer cells to survive ([@b3-ijo-50-01-0005]). There are three AKT isoforms, AKT1, AKT2 and AKT3, which have high homology but are expressed from three separate genes. Their expression is tissue-dependent and they are believed to have different functions. Knockout mouse studies have shown AKT1 to be essential for cell survival, AKT2 to have a more prevalent role in glucose homeostasis, while AKT3 is believed to be involved in brain development ([@b4-ijo-50-01-0005]). Overexpression of the different AKT isoforms has been seen in several types of cancer. An elevated expression of AKT1 has been observed in GIST, thyroid and breast cancer, whereas high AKT2 expression has been seen in glioma, colorectal, hepatocellular, ovarian and pancreatic cancer, and AKT3 overexpression has been observed in breast and prostate cancer ([@b2-ijo-50-01-0005],[@b5-ijo-50-01-0005]). In several studies, AKT signaling is associated with enhanced cell motility and invasion ([@b6-ijo-50-01-0005]). However, recent in-depth studies on the AKT isoforms using siRNA, isoform specific inhibitors, AKT isoform expressing vectors and AKT isoform gene knockouts, have shown that AKT1 and AKT2 might play different roles in this pathway depending on the cell type ([@b6-ijo-50-01-0005]).

Cancer cells generally grow faster than normal cells and often display an increase in glucose uptake and lactate production ([@b7-ijo-50-01-0005]). AKT plays a role in cellular metabolism through its association with glucose uptake via the glucose transporters (GLUT), as well as the conversion of stored glycogen back to glucose. There are several studies showing that AKT1 and AKT2 have different roles in glucose homeostasis ([@b8-ijo-50-01-0005]). *AKT2* silencing in mice was shown to cause an impaired glucose uptake by fat and muscle cells ([@b9-ijo-50-01-0005]). Furthermore, *in vitro* studies have demonstrated that *AKT2* silencing causes inhibition of insulin induced GLUT4 translocation to the plasma membrane. GLUT4 promotes an increase of glucose in the cells when situated in the plasma membrane ([@b10-ijo-50-01-0005]). It has also been proposed that glycolysis can result in formation of pyruvate and NADPH, which can reduce reactive oxygen species and thereby reduces oxidative stress ([@b11-ijo-50-01-0005]).

Only a few studies have evaluated the effects of the different AKT isoforms in colorectal cancer. We have previously shown that both AKT1 and AKT2 interact with the DNA-repair protein DNA-PKcs and that disruption of these increases radiation sensitivity and influences the expression of cancer stem cell markers CD44 and CD133 ([@b12-ijo-50-01-0005],[@b13-ijo-50-01-0005]). While the focus of previous studies has been on a few specific pathways, the present study aimed to perform a genome wide expression profile in *AKT* isoform knockout colon cancer cells. Additionally, metabolomic and cell migration studies could further elucidate the function of the AKT isoforms in colorectal cancer. This may help to improve treatment by assessing new targets for combination therapy or finding biomarkers for prediction of treatment response.

Materials and methods
=====================

Cell culture
------------

The colon cancer isogenic DLD-1 X-MAN™ cell lines were obtained from Horizon Discovery Ltd., (Cambridge, UK) with the different AKT isoforms genetically knocked out, cat. no. HD-R00-001, HD-R00-002 and HD-R00-003. The cells were cultured in 75-cm^2^ culture flasks (Nunclon surface; Nunc, Roskilde, Denmark) in McCoy\'s 5A medium (Flow Laboratories, Irvine, UK) with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA), 2 mM L-glutamine, 100 IU/ml penicillin and 10 *µ*g/ml streptomycin (Biochrom GmbH, Berlin, Germany). The cells were cultured in a humidified incubator with 5% CO~2~ at 37°C and trypsinized with trypsin-EDTA, 0.25% trypsin, 0.02% EDTA (Biochrom GmbH).

Microarray expression analysis
------------------------------

Two separate passages of DLD-1 parental, *AKT1* KO, *AKT2* KO and *AKT1/2* KO cells were cultured to 70% confluence and RNA was extracted (RNeasy MiniPrep; Qiagen, Valencia, CA, USA). The RNA concentration was measured with ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and RNA quality was evaluated using the Agilent 2100 Bioanalyzer system (Agilent Technologies, Inc., Palo Alto, CA, USA). A total of 250 ng of total RNA from each sample was used to generate amplified and biotinylated sense-strand cDNA from the entire expressed genome according to the GeneChip^®^ WT PLUS reagent kit user manual (P/N 703174 Rev.1; Affymetrix, Inc., Santa Clara, CA, USA). GeneChip^®^ HTA arrays (GeneChip^®^ Human Transcriptome array 2.0) were hybridized for 16 h in a 45°C incubator, rotated at 60 rpm. According to the GeneChip^®^ expression, Wash, Stain and Scan Manual (P/N 702731 Rev.3; Affymetrix) the arrays were then washed and stained using the Fluidics Station 450 and finally scanned using the GeneChip^®^ Scanner 3000 7G.

Microarray data analysis
------------------------

The raw data was normalized in the free software Expression Console provided by Affymetrix (<http://www.affymetrix.com>) using the robust multi-array average (RMA) method first suggested by Li and Wong in 2001 ([@b14-ijo-50-01-0005]). Subsequent analysis of the gene expression data was carried out in the freely available statistical computing language R (<http://www.r-project.org>) using packages available from the Bioconductor project ([www.bioconductor.org](http://www.bioconductor.org)). In order to search for the differentially expressed genes between parental and the *AKT* KO, an empirical Bayes moderated t-test was applied, using the \'limma\' package ([@b15-ijo-50-01-0005]). To address the problem with multiple testing, P-values were adjusted using the method of Benjamini and Hochberg ([@b16-ijo-50-01-0005]).

Pathway analysis
----------------

DAVID Bioinformatic resources 6.7 software was used to functionally classify and cluster the genes with an altered expression and identify the most significantly altered pathways, networks and metabolism processes that the genes were involved in. Only genes with a 1.5-fold change and with a P\<0.05 were used in the evaluation. To rank and calculate P-values for the different pathways and processes normalized data from all four cell lines was compared. The P-value represents the probability for a particular mapping of an experiment to a process arisen by chance, considering the number of genes in the experiment versus the number of genes in the map process.

Scratch wound migration assay
-----------------------------

In this study, DLD-1 isogenic *AKT1*, *AKT2* and *AKT1/2* knockout colon cancer cell lines were used as a model system together with the parental cell line in order to further elucidate the differences between the AKT isoforms and how they are involved in various cellular pathways. Many of these pathways are thought to be involved in cellular migration. Thus, the migratory activity of isogenic *AKT1*, *AKT2* and *AKT1/2* knockout colon cancer cell lines were studied together with the parental cells, using the scratch wound migration assay ([@b17-ijo-50-01-0005]). The migration rate was monitored at two different settings, complete medium and after starvation plus addition of EGF. DLD-1 parental and *AKT* knockout cells were seeded in 6-well plates in McCoy\'s 5A medium (Flow Laboratories). After 24 h the cells were washed three times with 2% FBS/McCoy\'s medium and incubated in starvation medium, 2% FBS/McCoy\'s, for another 24 h. The cells were wounded with a sterile plastic pipette and rinsed three times to remove cellular debris. Subsequently, complete medium, 10% FBS/McCoy\'s, plus 15 ng human recombinant EGF (Chemicon) was added. Migration was monitored using a Nikon 700D digital camera mounted on an inverted microscope at time 0--24 h after wounding and analyzed using ImageJ software. Statistical analyses were performed using GraphPad Prism version 6 for Windows (GraphPad Software, Inc., La Jolla, CA, USA). The differences in uptake between the *AKT* KO cell lines compared to the parental cell line were evaluated using two-way ANOVA with multiple comparison test and were considered statistically significant at P\<0.05.

Cell harvesting for metabolic profiling
---------------------------------------

Cells were cultured in 12-cm petri dishes and harvested at \~75% confluence. All cell sample harvesting was performed on ice. Growth medium was removed and cells were rapidly washed three times with cold Dulbecco\'s phosphate-buffered saline (PBS; Nordic Biolabs AB, Täby, Sweden) followed by detachment of cells using a rubber-tipped cell scraper (Sarstedt). The detached cells were collected in cold Milli-Q water (3.5 ml), transferred to polypropylene tubes and snap-frozen in liquid N~2~ followed by thawing at 37°C for 10 min. The freeze-thaw cycle was then repeated once with subsequent sonication on ice for 30 sec. Protein concentrations were measured in duplicates using the spectrophotometric assay with Bradford reagent (Sigma-Aldrich) and using bovine serum albumin (BSA; Sigma-Aldrich) for reference samples, all according to the manufacturer\'s instructions. Samples were stored at −80°C until metabolite extraction. For each of the four cell lines, three technical replicates were harvested.

Extraction of polar metabolites
-------------------------------

Quenched cells were thawed at room temperature and subjected to centrifugation (10 min, 2200 RCF) to remove precipitated cellular debris. The supernatant of the cell extracts was transferred to a fresh extraction tube, followed by addition of chloroform and methanol in the proportions 4:4:2.85 (MeOH:CHCl~3~:H~2~O). The resulting two-phase system was gently mixed and left at 4°C for 30 min prior to centrifugation (2200 RCF, 20 min, 4°C). A fixed volume of the aqueous phase was transferred to a new tube and evaporated under N~2~ at 40°C until dry. The polar phase was subsequently reconstituted in 0.7 ml phosphate-buffered D~2~O (150 mM, pD 7) containing 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS; 34 *µ*M) as a chemical shift reference. For the analysis, one pooled quality control (QC) sample was also created by pooling an equal volume of cell extracts prior to metabolite extraction.

Metabolic profiling using NMR spectroscopy
------------------------------------------

NMR measurements were carried out at 298 K on a Bruker Avance 600 MHz (Bruker BioSpin GmbH, Rheinstetten, Germany) equipped with a cryoprobe. For each sample, the 1D NOESYPR1D standard pulse sequence (−RD-90°-t~1~-90°-t~m~-90°-ACQ) was used. Each pulse had a 90° pulse length; the total amount of FIDs recorded were 256 collected into 64 K data points which was zero-filled to 128 K data points. The spectra width was set to 7183.91 Hz giving a spectral acquisition time of 4.56 sec. The t~1~ and t~m~ was set to 6 *µ*sec, respectively, 180 msec and relaxation delay (D1) was 3 sec, resulting in a total acquisition time of 33 min. The 1D spectra were manually phased and baseline corrected and the ^1^H chemical shifts were referenced to added DSS using the ACD/Labs (version 12.01; Advanced Chemistry Development, Inc., Toronto, ON, Canada). Each ^1^H NMR spectrum, within a range of 0--10 ppm, was reduced to 873 bins of fixed width (0.01 ppm) excluding resonance regions for water (δ5.15--4.67) and the internal standard (DSS, δ0.00--0.65, 1.77--1.72 and 2.92--2.88). The signal intensity in each bin was integrated and data were imported, normalized to unit total intensity in Microsoft Excel (Microsoft Office 2007; Microsoft, Redmond, CA, USA). Assignments of NMR peaks were performed according to the metabolomics standards initiative (MSI) ([@b18-ijo-50-01-0005]) by comparing with the Human Metabolome Database (v2.5) ([@b19-ijo-50-01-0005]). The metabolites identified should be seen as putatively annotated compounds according to the MSI nomenclature.

Multivariate data analysis of metabolic profiling data
------------------------------------------------------

Multivariate data analysis was conducted in SIMCA-P+ (version 13.0; MKS Umetrics AB, Umeå, Sweden) computational software package. Data were Pareto scaling, as implemented in the SIMCA-P+ package, prior to further analysis. Unsupervised principal component analysis (PCA) and supervised orthogonal projection to latent structures discriminant analysis (OPLS-DA) was used for identification of key differences between parental cell lines and *AKT* KO cell lines ([@b20-ijo-50-01-0005]).

Results
=======

Gene expression assay
---------------------

Comparing the different altered pathways in the *AKT1* KO, *AKT2* KO and *AKT1/2* KO cell-lines, a number of signaling pathways were altered according to the functional annotation analysis, including cell adhesion molecules (CAMs), extracellular matrix (ECM)-receptor interaction, Notch, Wnt and p53 pathways ([Figs. 1](#f1-ijo-50-01-0005){ref-type="fig"} and [2](#f2-ijo-50-01-0005){ref-type="fig"}, and [Table I](#tI-ijo-50-01-0005){ref-type="table"}).

These pathways were further analyzed to evaluate the importance of the different genes. There were also differences in the metabolic pathways such as the starch, sucrose, glucose pathway, the glutathione metabolism and fatty acid metabolism. Note that some of these genes are involved in more than one pathway ([Fig. 3](#f3-ijo-50-01-0005){ref-type="fig"} and [Table II](#tII-ijo-50-01-0005){ref-type="table"}).

In the cell adhesion molecule (CAM) pathway, several genes were downregulated in the *AKT1/2* KO cell line compared to parental; *ALCAM*, *CD99*, *CDH1*, *CLDN1*, *CLDN2*, *HLA-DMA*, *ITGA9*, *NEO1*, *PTPRF*, *SDC1*, *MET*, *RAC2*, *KIT* and *TGFA*. Genes that were upregulated include *IGF1R*, *PTK2*, *FOXO1* and *PALLD*. The *AKT1* KO cells displayed an analogous pattern. The *AKT2* KO cells on the other hand, showed upregulation of several genes in this pathway; *CADM1*, *CLDN1*, *ITGB8*, *NEO1*, *PVRL3*, *SDC4*, *PALLD.*

In the ECM-receptor interaction pathway, several genes were altered in the *AKT1/2* KO cell line compared to parental cells. *CD44* and several integrins; *ITGA1*, *ITGA2* and *ITGB5* were upregulated whereas *CD47*, *ITGA3*, *ITGA9*, *LAMA2*, *LAMB1*, *SYDC1* and *TNC* were downregulated. Similar patterns were seen in the *AKT1* and *AKT2* KO.

In the Notch-signaling pathway, the *AKT1/2* KO and *AKT1* KO had several genes that were downregulated compared to parental; *HES1*, *MAML2* and *JAG1*. In the *AKT1/2* KO, *DTX4* and *KAT2B* were also downregulated. In the *AKT2* KO, there was a similar trend, with the exception of *KAT2B*.

Genes involved in the Wnt signaling pathway, were altered in all *AKT* isoform KO cells in relation to parental cells. In the *AKT1/2* KO, genes that were upregulated include; *FZD6*, *FZD7*, *MYC*, *WNT16*, *DACT1* and *TGFB1I1* while *AXIN2*, *RAC2* and *TGFB3* were downregulated. In the *AKT1* KO, *DACT1*, *TGFB1I1*, *TGFB2* and *WNT5A* were upregulated while LEF1 was downregulated. In *AKT2* KO, *TGFB2* was upregulated while *AXIN2* was downregulated.

Genes involved in the p53 pathway, were mostly upregulated in the *AKT1/2* KO; *CCNE1*, *CCNE2*, *CDK6*, *PMAIP1*, *RRM2B*, *SERPINB5* and *SESN3*, while *SKP2* was downregulated. A similar pattern was seen in the *AKT1* KO compared to parental with *SERPINB5* and *THBS1* upregulated and *SKP2* downregulated. In the *AKT2* KO *SERPINB5* was upregulated while *SESN3* was downregulated.

In the metabolic pathways, that were significantly different between the *AKT* isoform KO cells and parental cells were the glutathione and drug metabolism pathways ([Table II](#tII-ijo-50-01-0005){ref-type="table"}). In the *AKT1/2* KO compared to parental, *GSTM1*, *GSTM2*, *GSTM3*, *GSTM4*, *IDH2*, *IDH1*, *MGST1*, *UGT1A5*, *UGT2B10* were downregulated while *MAOB* and *RRM2B* were upregulated. In the carbohydrate metabolism (including sucrose, starch and glucose) *PYGL*, *PGM2L1* and *APPL1* were upregulated and *UGT1A5, PGM1*, *HK2, UGDH*, *UGT2B10*, *DCXR* and *ALDH2* were downregulated. Similar patterns were seen in the *AKT1* and *AKT2* KO, but not all genes were significantly altered. In the fatty acid metabolism pathway, *ACAA2*, *ALDH7A1*, *ACSL5* were downregulated in the AKT2 KO. The gene expression of ACAA2 was also downregulated in *AKT1* KO, but upregulated in the *AKT1/2* KO. The gene expression of *CPT1A* was downregulated in *AKT1/2* KO. In the folate cycle, *ALPP* and *ALPPL2* were upregulated, while *SPR* was downregulated in the *AKT1* KO and *AKT1/2* KO.

Cell migration
--------------

The scratch wound healing assay demonstrated a reduced cell migration rate in the *AKT* KO cell lines compared to the parental cell line ([Fig. 4](#f4-ijo-50-01-0005){ref-type="fig"}). In complete media, the *AKT1/2* KO cells demonstrated the most pronounced reduction in migration rate (P\<0.001) at 16 and 22 h, followed by *AKT1* KO (P\<0.05), and *AKT2* KO (P\>0.05) ([Fig. 4A](#f4-ijo-50-01-0005){ref-type="fig"}). Since growth factors influence the migration rate, the cells were also starved for 24 h before the addition of 15 ng EGF ([Fig. 4B](#f4-ijo-50-01-0005){ref-type="fig"}). In these settings, all different *AKT* KO cells migrated more slowly than the parental cells. The migration rates of the *AKT1/2* KO and *AKT*1 KO were the most reduced compared to the parental cells (P\<0.001 for both at 16--22 h), followed by *AKT2* KO (P\<0.05).

Metabolic profiling of the polar metabolome
-------------------------------------------

To further explore possible metabolic alterations, the small polar metabolites were analyzed with NMR spectroscopy and evaluated with multivariate modeling in both *AKT* KO cell lines and the parental cell line. The differences in the polar metabolome between the parental cell line and the *AKT* KO cells were identified using OPLS-DA models and visualized using S-line plots. Moreover, PCA analysis was used to overview the data ([Fig. 1](#f1-ijo-50-01-0005){ref-type="fig"}). The altered spectral bins, and consequently the annotated metabolites, were tested for significance using ANOVA followed by LSD Tukey\'s test ([Table III](#tIII-ijo-50-01-0005){ref-type="table"}). Significant alterations (P\<0.05) were observed in *AKT* KO cells and include decreased levels of lactate, alanine and succinic acid as well as increased levels of formate. Moreover, *AKT2* KO and *AKT1/2* KO demonstrated a significant increase of glucose metabolism, and *AKT1/2* KO also showed an increase in glutathione and glutamine. The *AKT1* KO had reduced levels of the branched amino acids leucine, isoleucine and valine. Additionally, the *AKT1* KO and *AKT1/2* KO displayed reduced levels of glycine or reduced glycine levels.

Discussion
==========

The aim of the present study was to elucidate how different pathways involved in cell survival, invasion, metastasis, and resistance to therapy were altered in AKT isoform knockout cell lines compared to their parental cell line. This was done using genome wide expression profiling together with metabolic profiling, as well as cell migration studies. Results from these analyses were then related to our previous findings regarding DNA repair, radio-resistance, and cancer stem cell marker expression ([@b12-ijo-50-01-0005],[@b13-ijo-50-01-0005]).

One of the steps in tumor invasion, motility and metastasis involves the cell adhesion molecules (CAMs), which take part in both intracellular (ICM) and extracellular matrix (ECM) interactions of the cancer cells. Loss of cell adhesion will render the cancer cell more motile and invasive, and has been associated with metastatic properties ([@b21-ijo-50-01-0005]). In this study, we demonstrated that genes in the CAM and ECM pathways were significantly affected by the knockout of *AKT1* and *AKT2* isoforms, and that a result of this could be reduced migration. The majority of the genes in the CAM and ECM pathways were downregulated in the *AKT1/2* KO cell lines compared to parental cells ([Table II](#tII-ijo-50-01-0005){ref-type="table"}). This is in line with the results in the cell culture migration assays, where the *AKT* knockout cell lines, particularly in the *AKT1/2* KO, showed a reduction in cell migration rate compared to parental cells ([Fig. 3A](#f3-ijo-50-01-0005){ref-type="fig"}). This is also in agreement with previous studies, by Ericson *et al* ([@b22-ijo-50-01-0005]), showing that the *AKT1/2* KO formed fewer liver metastases compared to parental cells in mouse xenografts. Furthermore, the *AKT2* KO cells demonstrated an upregulation of genes in the cell adhesion pathway. This could explain the somewhat higher migration rate seen for *AKT2* KO cells under EGF treatment ([Fig. 3B](#f3-ijo-50-01-0005){ref-type="fig"}). Moreover, *AKT2* KO cells express CD133, as opposed to *AKT1* and *AKT1/2* KO cell lines ([@b13-ijo-50-01-0005]). Notably, all the *AKT* isoform KO cells had reduced cell migration compared to parental cells, despite their upregulation of CD44, which is associated with increased cell-cell and cell-ECM interactions, migration and metastasis ([@b13-ijo-50-01-0005]).

Pathways that are proposed to be involved in radiation resistance, cell survival and cancer stem cell marker expression are the Notch, Wnt and p53 pathways. The Notch signaling pathway plays an important role in cell survival, embryonic development, proliferation, differentiation and metastasis ([@b23-ijo-50-01-0005]). The Notch pathway has also a role in cancer stem cells and radiation resistance in malignant glioma ([@b21-ijo-50-01-0005]) and breast cancer ([@b24-ijo-50-01-0005]). Furthermore, Notch pathway inhibitors have been shown to increase radiation sensitivity in head and neck cancer and colon cancer xenografts ([@b25-ijo-50-01-0005]). In the present study, we show that *AKT* KO caused a reduction in several genes in the Notch signaling pathway (DTX4, HES1, KAT2B, MAML2 and JAG1). This reduction was seen in *AKT1/2* KO, *AKT1* KO and to some extent in *AKT2* KO, which might explain the increase in radiation sensitivity previously seen ([@b12-ijo-50-01-0005],[@b13-ijo-50-01-0005]) as well as the effects on cell migration ([Fig. 4](#f4-ijo-50-01-0005){ref-type="fig"}) in these cell lines compared to parental cells.

Wnt-signaling is another important pathway in colorectal cancer and cancer stem cells with β-catenin as the key player ([@b26-ijo-50-01-0005]) ([Fig. 2](#f2-ijo-50-01-0005){ref-type="fig"}). The colon cancer cell line, DLD-1, used in the present study has a mutation in APC which is suggested to make this pathway constantly active. However, despite this mutation, we demonstrated that the *AKT1/2* KO cells have several upregulated genes (FZD6, FZD7, MYC, WNT16, DACT1 and TGFB1I1) as well as others downregulated (AXIN2, RAC2 and TGFB3) in this pathway. This is also in line with Yang *et al* ([@b27-ijo-50-01-0005]) showing that APC might still phos-phorylate β-catenin despite its mutation. Furthermore, AXIN2 was downregulated in the *AKT1* KO, *AKT2* KO and *AKT1/2* KO cell lines compared to their parental cell line, which might result in the upregulation of the genes in the Wnt-pathway, subsequently leading to an upregulation of genes like CD44 as shown in a previous study ([@b13-ijo-50-01-0005]).

p53 is a tumor suppressor, which is mutated in numerous cancer forms. The colon cancer cell line DLD-1 has one mutated p53 allele and one p53 silent allele (S241F/SIL) and has no effect on the expression of p21 ([@b28-ijo-50-01-0005]). AKT phosphorylates MDM2, which following phosphorylation, binds to p53 and causes p53 degradation. In contrast, p53 when active, can inhibit the expression of AKT via PTEN. The *AKT1/2* KO cell line had an increase in the expression of genes involved in the p53 pathway compared to parental cells, however, the regulation of these genes might not be guided by p53 in this case. The genes that were upregulated include *PMAIP1* (Noxa) which is involved in apoptosis, *SERPINB5* and *SESN3* involved in inhibition of metastasis and angiogenesis, and *RRM2B* and *THSB1*, which are involved in DNA repair.

The metabolic pathways are important for cell survival and drug resistance. In this study, we have demonstrated the effects of *AKT* isoform KO on metabolism, with an altered expression of genes involved in metabolism as well as metabolic end products. The main sources of energy are glucose and glutamine and alterations in their metabolic pathways effect cell growth. A number of genes involved in the metabolic pathways of glucose and starch were downregulated in the *AKT1/2* KO cell line compared to parental cells. These genes are involved in different parts of driving the metabolism of starch and glucose forward (*ALDH2*, *DCXR*, *HK2*, *PGM1*, *UGDH*, *UGT1A5* and *UGT2B10*). However, PYGL, which converts stored glycogen into glucose, was upregulated in *AKT1* KO, *AKT2* KO and *AKT1/2* KO. The metabolic profiling experiment by NMR-spectroscopy also demonstrated that lactate was reduced in *AKT2* KO and *AKT1/2* KO cells and that alanine was reduced in *AKT1* KO and *AKT1/2* KO cells compared to the parental. This might suggest that the glutamine metabolism and the \'aerobic glycolysis\' (i.e. metabolism of glucose to lactate despite presence of oxygen) often seen in cancer cells were reduced ([@b29-ijo-50-01-0005]) ([Table III](#tIII-ijo-50-01-0005){ref-type="table"}). This would support the theory of AKT-induced glucose metabolism, and that a reduction of AKT can suppress this process. Additionally, the glucose level was increased in the *AKT2* KO cells compared to parental cells despite the reduced level of lactate, suggesting that these cells may still import glucose even with the lack of AKT2 or at least using a different metabolic pathway compared to parental cells.

The fatty acid synthesis is believed to be promoted by AKT through the activation of enzymes, which convert acetyl-CoA to fatty acids. Fatty acids are a necessary part of the cell membrane, involved in protein synthesis as well as serve as an essential source of energy and thus proteins involved in the fatty acid synthesis are upregulated in tumor cells ([@b30-ijo-50-01-0005]). AKT regulates the synthesis of proteins and long chain fatty acids via mTOR and fatty acid synthase (FAS). Fatty acids can also be degraded into acetyl-CoA in the mitochondria (via β-oxidation) and used as an energy source. It is speculated that inhibition of the fatty acid biosynthesis or upregulation of the fatty acid degradation would also impair the tumor cell proliferation ([@b31-ijo-50-01-0005]). In the *AKT2* KO cells, enzymes involved in the fatty acid degradation, *CPT1A*, *ACAA2*, *ALDH7A1* and *ACSL5*, were downregulated, which would suggest that the *AKT2* KO cells have a lack of acetyl-CoA. However, another source of acetyl-CoA is the metabolism of branched amino acids (valine, leucine and isoleucine). As demonstrated in the metabolomic assay, the level of branched amino acids was reduced in the *AKT1* KO cells. The level of succinic acid, which is a part of the Krebs\'s cycle, was also reduced in all *AKT* isoform KO cell lines compared to parental cells. This could be linked to the *IDH1* and *IDH2* downregulation in the *AKT1* and *AKT1/2* KO cells and the downregulation of genes in the fatty acid degradation in *AKT2* KO cells ([@b32-ijo-50-01-0005]). This would inhibit the Krebs\'s cycle and cause cells to have a reduced proliferation.

Another important aspect of the metabolic pathways is the resistance to drugs. The inactivation of chemotherapeutic drugs is catalyzed by glutathione S-transferases (GSTs) and these enzymes are believed to play an important role in multiple drug resistance to chemotherapy ([@b33-ijo-50-01-0005]). GSTs also suppress the pro-apoptotic protein ASK1 (apoptosis signal-regulating kinase-1) ([@b34-ijo-50-01-0005]). *AKT1/2* KO cells show downregulation of several genes in the glutathione pathway, which suggests that the sensitivity to chemotherapeutics may be enhanced and the number of apoptotic cells increased. The downregulation was, on the other hand, not as prominent in the single *AKT1* KO and *AKT2* KO cell lines. Furthermore, the glutathione level was increased in the *AKT1/2* KO, which could be a marker for increased oxidative stress (ROS). However, this should be further clarified by studying the level of ROS in the cells, as well as the level of the reduced form of glutathione. The reduced form of glutathione is able to detoxify the cells but the oxidized form cannot. Lactate may also function as a scavenger and reduced levels of lactate in the *AKT2* KO and *AKT1/2* KO may be part of the higher radiation sensitivity of these cells compared to their parental cells.

The folate cycle is important in cell replication and survival through its involvement in DNA synthesis, DNA repair and DNA methylation ([@b35-ijo-50-01-0005]). ALPPs are elevated in some cancers, including colorectal cancer ([@b36-ijo-50-01-0005]), and have been correlated with folate levels. SPR is involved in the folate cycle as well as in cell proliferation ([@b37-ijo-50-01-0005]). The gene expression of *ALPP* and *ALPPL1* was upregulated in the *AKT1* KO and *AKT1/2* KO while SPR was downregulated compared to parental. *AKT1* KO and *AKT1/2* KO also showed decreased levels of glycine that can be correlated with an impaired folate cycle. Additionally, the formate level, which is a metabolite in the folate cycle, was increased in all *AKT* isoform KO cells, suggesting that the folate cycle was impaired in the *AKT* KO cells ([@b38-ijo-50-01-0005]). The impaired folate cycle could be connected to the higher radiation sensitivity in *AKT* KO cells compared to parental due to the lack of nucleotides for DNA repair. However, this needs to be further clarified with more extensive metabolite studies.

In summary, this study shows that the dual knockout of both *AKT1* and *AKT2* in a colorectal cancer cell line (DLD-1) has great impact on several signaling pathways, such as Notch, Wnt, p53 and genes in the cell adhesion and extracellular matrix pathways, in addition to a reduced cell migration rate. The genome analysis and metabolic profiling results show that both *AKT1* and *AKT2* may change the glucose, starch and sucrose metabolism pathway and that genes in this pathway are mostly downregulated when *AKT1* and *AKT2* were knocked out. Since lactate and alanine were reduced in *AKT2* and *AKT1/2* KO cells compared to parental, this further confirms that the aerobic glycolysis and the glutamine catabolism rates were reduced. Genes involved in glutathione and drug metabolism, especially the glutathione S-transferases were downregulated in *AKT1/2* KO. This is in line with an observed increase in radiation sensitivity in these cells. The reduction of these pathways confirms that knockout of both *AKT1* and *AKT2* will attenuate metastasis and tumor cell growth. Notably, genes in the Wnt-pathway were upregulated as well as genes that allow progression of the cell cycle, which could oppose this effect. AKT inhibition should therefore be combined with other effectors (drugs, radiation, and inhibitors) to attain the best effect.

The authors would like to acknowledge Hanna Göransson Kultima at the SciLife Laboratory Uppsala, Sweden, for all the help with the gene expression analysis and Ida Erngren for the help with the metabolomic analysis.
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![AKT signaling pathway map. AKT is involved in many different signaling pathways such as metabolism, cell cycle regulation, cell survival, DNA repair and proliferation. Arrows mean activation, thick lines mean inhibition and stars indicate genes with differences in expression levels between AKT isoform knockout cell lines and parental cells according to the gene expression analysis.](IJO-50-01-0005-g01){#f2-ijo-50-01-0005}

![A simplified view of the metabolic pathways. A selection of genes with altered expression in the AKT knockout cell lines compared to parental cells according to the gene expression analysis are shown in boxes. Metabolites altered in the AKT knockout cells compared to parental cells according to the metabolome analysis are shown underlined.](IJO-50-01-0005-g02){#f3-ijo-50-01-0005}

![Scratch wound migration assay of DLD-1 and DLD-1 *AKT* knockout cells. (A) The cell migration under normal conditions. The knockout of *AKT* showed a clear reduction in cell migration compared to parental. The dual knockout of *AKT1/2* showed the most prominent effect (P\<0.001) at 16 and 22 h, followed by *AKT1* KO (P\<0.05) and *AKT2* KO (P\>0.05). (B) Cell migration of cells that were starved for 24 h before addition of EGF showed that *AKT1* KO and *AKT1/2* KO have a similar reduction in migration rate compared to parental cells (P\<0.001 for both at 16--22 h), followed by *AKT2* KO (P\<0.05). The error bars represent the standard deviation from at least triplicates.](IJO-50-01-0005-g03){#f4-ijo-50-01-0005}

###### 

Functional annotation chart report of KEGG signaling pathways from DAVID using the downregulated, upregulated or both downregulated and upregulated gene set for each subgroup.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Pathways                                   P-value    Genes
  ------------------------------------------ ---------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  *AKT1* KO vs. parental\                               
  Downregulated genes                                   

   Notch signaling pathway                   9.12E-02   HES1, MAML2, JAG1

  Upregulated genes                                     

   ECM-receptor interaction                  9.71E-04   LAMA3, CD44, ITGB4, ITGB5, ITGA3, THBS1

   Focal adhesion                            2.22E-03   EGFR, CAV1, LAMA3, ITGB4, ITGB5, ITGA3, CAPN2, THBS1

   Pathways in cancer                        2.94E-02   EGFR, WNT5A, LAMA3, NKX3-1, FOXO1, ITGA3, APPL1, TGFB2

  Both upregulated and downregulated genes              

   ECM-receptor interaction                  1.44E-03   LAMA3, CD44, TNC, ITGB4, ITGB5, ITGA3, LAMB1, THBS1

   Focal adhesion                            7.12E-03   EGFR, AKT1, CAV1, LAMA3, TNC, ITGB4, ITGB5, ITGA3, LAMB1, CAPN2, THBS1

   Pathways in cancer                        1.44E-02   WNT5A, EGFR, SKP2, FOXO1, LEF1, ITGA3, APPL1, TGFB2, DAPK1, AKT1, LAMA3, NKX3-1, TGFA, LAMB1

   Prostate cancer                           3.36E-02   EGFR, AKT1, NKX3-1, TGFA, LEF1, FOXO1

   Colorectal cancer                         8.98E-02   EGFR, AKT1, LEF1, APPL1, TGFB2

  *AKT2* KO vs. parental\                               
  Downregulated genes                                   

   N/A                                                  

  Upregulated genes                                     

   Cell adhesion molecules (CAMs)            5.27E-03   CADM1, ITGB8, PVRL3, CLDN1, NEO1, SDC4

   MAPK signaling pathway                    7.87E-02   BDNF, CACNA2D1, RASGRF2, MAP3K14, FLNA, TGFB2

  Both upregulated and downregulated genes              

   Cell adhesion molecules (CAMs)            7.97E-03   ITGA9, CADM1, ITGB8, PVRL3, CLDN1, CLDN2, NEO1, SDC4

   ECM-receptor interaction                  5.88E-02   ITGA9, CD44, ITGB8, TNC, SDC4

  *AKT1/2* KO vs. parental\                             
  Downregulated genes                                   

   Cell adhesion molecules (CAMs)            1.80E-02   ALCAM, ITGA9, SDC1, PTPRF, CLDN1, CLDN2, CD99, CDH1, NEO1, HLA-DMA

   ECM-receptor interaction                  4.10E-02   LAMA2, CD47, ITGA9, SDC1, TNC, ITGA3, LAMB1

   Notch signaling pathway                   5.27E-02   DTX4, HES1, KAT2B, MAML2, JAG1

  Upregulated genes                                     

   p53 signaling pathway                     3.93E-03   CCNE2, CCNE1, SERPINB5, CDK6, RRM2B, PMAIP1, SESN3

   Pathways in cancer                        6.22E-02   WNT16, RALBP1, ITGA2, FOXO1, CDK6, APPL1, FZD7, FZD6, CCNE2, IGF1R, CCNE1, PTK2, TCEB1

  Upregulated and downregulated genes                   

   ECM-receptor interaction                  1.25E-02   LAMA2, CD47, ITGA9, SDC1, CD44, TNC, ITGA1, ITGB5, ITGA2, ITGA3, LAMB1

   Pathways in cancer                        1.33E-02   WNT16, PPARG, ARNT2, TGFB3, EGLN3, FOXO1, CDH1, KIT, AKT1, CCNE2, IGF1R, CCNE1, PTK2, RAC2, TGFA, LAMB1, RALBP1, MET, SKP2, ITGA2, CDK6, ITGA3, APPL1, FZD7, FZD6, DAPK1, LAMA2, TCEB1
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Fisher\'s exact test was used to determine whether the proportion of genes falling into each category differs by group. In DAVID annotation system, Fisher\'s exact test was adopted to measure the gene-enrichment in annotation terms. P\<0.1 was used as the cut-off.

###### 

Functional annotation chart report of KEGG metabolic signaling pathways from DAVID using the downregulated, upregulated or both downregulated and upregulated gene set for each subgroup.

  ---------------------------------------------------------------------------------------------------------------------
  Pathways                                        P-value    Genes
  ----------------------------------------------- ---------- ----------------------------------------------------------
  *AKT1* KO vs. parental\                                    
  Downregulated genes                                        

   N/A                                                       

  Upregulated genes                                          

   Folate biosynthesis                            9.72E-02   ALPPL2, ALPP

  Both upregulated and downregulated genes                   

   Folate biosynthesis                            1.98E-02   ALPPL2, SPR, ALPP

  *AKT2* KO vs. parental                                     

  Downregulated genes                                        

   N/A                                                       

  Upregulated genes                                          

   N/A                                                       

  Both upregulated and downregulated genes                   

   Arginine and proline metabolism                6.49E-02   SAT1, ALDH7A1, CKMT1A, CKMT1B, MAOB

  *AKT1/2* KO vs. parental                                   

  Downregulated genes                                        

   Valine, leucine and isoleucine degradation     1.91E-03   ALDH6A1, ACADSB, MUT, HMGCS1, ALDH2, ABAT, ACAA1

   Glutathione metabolism                         3.70E-03   GSTM1, GSTM2, GSTM3, GSTM4, IDH2, IDH1, MGST1

   Metabolism of xenobiotics by cytochrome P450   9.10E-03   GSTM1, GSTM2, GSTM3, GSTM4, UGT1A5, UGT2B10, MGST1

   Drug metabolism                                1.06E-02   GSTM1, GSTM2, GSTM3, GSTM4, UGT1A5, UGT2B10, MGST1

   Ascorbate and aldarate metabolism              1.36E-02   UGT1A5, ALDH2, UGDH, UGT2B10

   Propanoate metabolism                          1.50E-02   ALDH6A1, MUT, ALDH2, ABAT, ACSS2

   Pentose and glucuronate interconversions       1.59E-02   UGT1A5, UGDH, UGT2B10, DCXR

   Butanoate metabolism                           1.85E-02   ACSM3, HMGCS1, ALDH2, ABAT, BDH2

   Androgen and estrogen metabolism               2.46E-02   STS, HSD3B1, UGT1A5, SULT2B1, UGT2B10

   Starch and sucrose metabolism                  3.71E-02   UGT1A5, PGM1, HK2, UGDH, UGT2B10

   Amino sugar and nucleotide sugar metabolism    4.30E-02   GNE, GFPT1, PGM1, HK2, UGDH

   Steroid hormone biosynthesis                   4.94E-02   STS, HSD3B1, UGT1A5, SULT2B1, UGT2B10

   Retinol metabolism                             7.97E-02   RDH11, UGT1A5, DHRS4L2, UGT2B10, PNPLA4

  Upregulated genes                                          

   N/A                                                       

  Both upregulated and downregulated genes                   

   Glutathione metabolism                         1.52E-02   GSTM1, GSTM2, GSTM3, GSTM4, IDH2, IDH1, RRM2B, MGST1

   Starch and sucrose metabolism                  2.18E-02   PYGL, UGT1A5, PGM1, HK2, UGDH, UGT2B10, PGM2L1

   Valine, leucine and isoleucine degradation     2.69E-02   ALDH6A1, ACADSB, MUT, HMGCS1, ALDH2, ABAT, ACAA1

   Butanoate metabolism                           3.15E-02   ACSM3, HMGCS1, ALDH2, ABAT, BDH2, GAD1

   Drug metabolism                                4.38E-02   GSTM1, GSTM2, GSTM3, GSTM4, UGT1A5, MAOB, UGT2B10, MGST1

   Ascorbate and aldarate metabolism              5.74E-02   UGT1A5, ALDH2, UGDH, UGT2B10

   Pentose and glucuronate interconversions       6.63E-02   UGT1A5, UGDH, UGT2B10, DCXR

   Propanoate metabolism                          8.61E-02   ALDH6A1, MUT, ALDH2, ABAT, ACSS2
  ---------------------------------------------------------------------------------------------------------------------

Fisher\'s exact test was used to determine whether the proportions of genes falling into each category differs by group. In DAVID annotation system, Fisher\'s exact test was adopted to measure the gene-enrichment in annotation terms. P\<0.1 was used as the cut-off.

###### 

Summary of metabolite changes between *AKT* knockout cells and parental cells measured with NMR.

  Metabolite ID                                               Chemical shift                       *AKT1* KO   *AKT2* KO   *AKT1/2* KO                  
  ----------------------------------------------------------- ------------------------------------ ----------- ----------- ------------- --------- ---- ---------
  Alanine                                                     1.47                                 −           0.0005      NC                      −    0.00003
  Leucine, isoleucine                                         0.96                                 NC                      \+            0.0344    NC   
  Valine                                                      1.03                                 NC                      \+            0.0151    NC   
  Glycine                                                     3.55                                 NC                      NC                      −    0.0075
  Proline                                                     2.0, 3.34                            −           0.0045      −             0.00004   −    0.005
  Glucose                                                     3.24, 3.41, 3.52, 3.88, 4.64, 5.22   NC                      \+            0.0028    NC   
  Lactate                                                     1.31, 4.10                           NC                      −             0.0008    −    0.0082
  Glutathione[a](#tfn4-ijo-50-01-0005){ref-type="table-fn"}   2.16, 2.55, 2.97                     NC                                              \+   0.0007
  Succinic acid                                               2.39                                 −           0.0021      −             0.0063    −    0.0015
  Formic acid (formate)                                       8.44                                 \+          0.0135      \+            0.00002   \+   0.0132
  AMP                                                         5.93, 6.13, 8.26, 8.57               −           0.0346      −             0.0263    NC   
  ADP/ATP                                                     5.39, 6.13, 8.26, 8.52               −           0.0006      −             0.0006    −    0.0398

Alterations in metabolites between the respective A*KT* knockout cells compared to parental. No change (NC), increased level (+) and decreased level (−). The P-values were calculated by ANOVA followed by LSD Tukey\'s test. Only metabolites with P-values \<0.05 are presented.

Identity confirmed by spiking of certified reference standard into parental cell line after metabolite extraction.
